Densely populated megadelta regions such as the Mekong Delta are exposed to great risk due to flooding from the sea under climate change. However, many previous flood simulation studies have not explicitly considered sea level rise. Here, we aimed to assess the impact of sea level rise to the damage due to extreme floods in the Mekong Basin using a global river routing model and risk assessment approach. Using the flood event in 2000 as a case study, we estimated that the amount of damage would increase by 4 to 21 % for sea level rises of 0.5 m and 2.0 m, respectively. This increase would mainly affect the socioeconomic aspect of the Mekong Delta due to high concentration of assets and large increase of inundation depth.
INTRODUCTION
Heavily populated megadelta regions are at the greatest risk due to sea level rise and, in some cases, flooding from overflow of river discharges under climate change 1) . A warmer climate may have caused sea level rise through thermal ocean expansion 2) and the melting from nonpolar glaciers 3) . Although Intergovernmental Panel on Climate Change (IPCC) projected that sea level would rise by 0.18-0.59m (an average across the globe) by the end of this century 1) , some studies estimated much higher ranges 4) . In addition, a large increase in flood frequency was projected for Southeast Asia and other some regions by the end of this century 5) . Megadelta regions, such as the Mekong Delta, are highly vulnerable to floods even in the present climate because of its low relief terrain. For example, monsoon season with extreme heavy rainfall caused severe floods in the Mekong Basin in 2000. In this event, overflow of water from the Mekong River resulted in inundation of large area in the lower Mekong region (covering the Tonlé Sap Lake and the Mekong Delta) from August to November. More than 1,000 people were killed and about 2,400,000ha of paddy field were destroyed or flooded. This flood event was reported as the worst in the past seven decades in the Mekong Delta 6) . Under climate change, more severe floods are likely to occur in megadelta regions. In that sense, the risk assessment of floods considering sea level rise is important to assist policy makers in making decisions to reduce flood damage. However, most of the previous studies have not considered a combination of extreme floods with sea level rise. For example, Hirabayashi et al.(2013) only showed floods of 100-year return period under climate change at global scale excluding sea level rise 5) . Moreover, some uncertainties remain for the regional or basin scale particularly in determining suitable river depth and width in each basin.
Here, we aimed to assess the impact of sea level rise on potential damages due to extreme floods in the Mekong Basin, which is one of regions at greatest risk. Meanwhile, flood events with return period of several decades are defined as "extreme" in this study. To assess the impact of sea level rise, we combined a global river routing model with a risk assessment approach. For river routing purpose, we used Catchment-based Macro-scale Floodplain model (CaMa-Flood) 7) because of several advantages, i.e., it can simulate river routing, inundation, and backward flow. These advantages should adequately represent the physical basis of flooding in the Tonlé Sap Lake in the Mekong Basin and also the backwater effect caused by sea level rise. As simulation of backward flow itself is a technical challenge in hydrologic modeling, evaluation of such model performance itself is of significant interest.
We further studied the impact of several sea level rise scenarios on "extreme" flood event with magnitude similar to that of the floods in 2000. Several simulations were carried with different cases of sea level rise, while all other conditions were assumed to be the same. As such the difference in simulations indicates "with/without sea level rise" condition in this paper. As only the impact of sea level rise was considered, other climatic and social situations were assumed to be the same as in 2000s.
DATA
We used two types of datasets: climatological dataset as input for a river routing model and economic dataset for risk assessment. The climatological dataset consists of runoffs, i.e., outputs of Ensemble Land State Estimator (ELSE) 8) . It covers the global scale with a spatial resolution of 1° x 1° over the period 1979 to 2010. On the other hand, gross domestic product (GDP), population, and land use map were used as economic dataset. The dataset of GDP is estimated for each country and at five-year intervals from Center for International Earth Science Information Network (CIESIN) 9) . The distribution of population is calculated at 5′ x 5′ resolution from History Database of the Global Environment (HYDE) 10) . Global Map-Global Land Cover (GLCNMO) V.1, which was created using the Moderate Resolution Imaging Spectroradiometer (MODIS) data at 30″ x 30″ resolution 11) , was used as land use map. We further assumed a constant population and estimate assets as in 2000. For land use map, we used observation data in 2003, because the data is available for that year. The economic growth was not considered in our calculations.
METHOD
We estimated the impact of sea level rise towards extreme floods in the Mekong Basin in following steps. Briefly, our method involves three components: "hazard" (intensity of floods; step (1)), "exposure" (potentially affected population or assets; step (2)), and "vulnerability" (step (3)). Finally, the impact of sea level rise on the potential damage due to extreme floods was calculated for a hypothetical flood event with similar magnitude as the flood event in 2000 (step (4)). In this study, the area coverage of Mekong Basin is depicted as in 
(1) Hazard
The annual maximum inundation depth in 2000 was calculated with/without sea level rise using the CaMa-Flood global river model. A big advantage of the CaMa-Flood model in contrast to other continental-scale river routing models is that river discharge is calculated by the local inertial equation:
where Q is the river discharge(m 3 s -1 ), A is the crosssectional area (m 2 ), is the water surface slope, R is the hydraulic radius (m), g is the acceleration due to gravity (m s -2 ), and n is the Manning's roughness coefficient (m -1/3 s). The water surface slope is diagnosed from water level for each time step and is influenced by boundary water level at river mouth, which is changed depending on each sea level rise scenario. It simulates the water dynamic states including backwater flow effect more reliably in large rivers like the Mekong River. In order to derive realistic water surface slope, unit catchments are flexibly shaped based on fine-resolution Digital Elevation Model (DEM) and flow direction maps (Fig.2) . The inundation depth calculated from discharge at a spatial resolution of 5′ x 5′ can be downscaled onto DEM at a resolution of 18″ x 18″ (approximately 450m).
We assumed four sea level rise scenarios; 0.0 m . Briefly, the produced capital is estimated as accumulation of investment series for each country. However, we removed such empirical constant following a recent study 13) . As a result, a spatial distribution of assets is derived (Fig.3) . In the downstream, assets are highly concentrated around the Mekong Delta.
(3) Vulnerability
A relationship between the inundation depth and damage factor is formulated. The relationship relates flood inundation depth with the ratio of financial loss of exposed assets. Although many previous studies have developed various depth-damage functions, validation of such functions is a challenge because of scarce observations 14) . In this study, optimistic and pessimistic functions were taken from previous studies and the range of estimated damage. Here, we classified land use into four groups (i.e., cropland, forest, urban, and others) and choose optimistic and pessimistic depth-damage functions for each group. Meanwhile, we assumed potential damage to be always zero for "others". These functions are shown in Table 1 and Fig.4 . We also assumed that adequate countermeasures are in place for inundation depth of less than 1.0m and hence the damage ratio was considered to be zero in such cases.
(4) Impact of sea level rise to potential damage
The impact of sea level rise on extreme floods in the Mekong Basin was estimated combining above steps (1)-(3). For each grid cell, the damage factor was estimated from the annual maximum inundation depth in 2000 (step (1)) using the depth-damage function (step (3)). The estimated damage factors were then multiplied with the amount exposed assets in each grid cell (step (2)) to estimate potential economic damage of those assets. Finally, they were summed across the entire Mekong Basin. We compared the results for different sea level rise scenarios (i. 
RESULTS (1) Validation of river discharges
To evaluate our simulations against observations, we compared daily discharges at Pakse located in the mid-mainstream and Prek Kdam located around the Tonlé Sap Lake (see Fig.1 ). The observed discharges in Pakse station were collected from Global Runoff Data Center (GRDC) and those in Prek Kdam were obtained from Inomata and Fukami (2008) 18) . We used data from 1979 to 1993 in Pakse and from 2004 to 2005 in Prek Kdam because of data availability. Our results capture the general pattern and peaks of observed discharges in the mid-mainstream even though they are slightly underestimated (Table2, Fig.5 (a) ). Backward flow in the Tonlé Sap Lake can be also simulated relatively well (Table2, Fig.5  (b) ), which influences water dynamic states in the downstream.
(2) Assessment of sea level rise's impact
The annual maximum inundation depth in 2000 is so high (over 6.0m) around the Tonlé Sap Lake (Fig.6  (a) ) because of the backward flow mentioned as in chapter 4 (1). Deeply inundated area is distributed along the river channel, where population or assets density is also likely to be high. Although the inundation depth without sea level rise is not so high, the impact of sea level rise is highest in the Mekong Delta. If the sea level rises by 2.0 m, the inundation depth would increase by more than 1.0m (almost twice) in the Mekong Delta (Fig.6 (b) ). To assess how wide the impact of sea level rise spread toward upper stream, the averages of annual maximum inundation depth and elevation in each area (locations are shown in Fig.1 ) in 2000 are shown in Fig.7 . In the mainstream of the Mekong River, the Delta and lower basin would be strongly affected by sea level rise; inundation depth would increase by 22-124 % in average. On the other hand, mainstream more than 200 km away from river mouth and the Tonlé Sap Lake are not affected by sea level rise (increasing is less than 1%). Thus, the impact of sea level rise would be mainly in areas within about 100 km from river mouth along mainstream of the Mekong River. This is mainly due to their low elevation(i.e., with an average of <1 m above mean sea level). The potential damage due to floods as in 2000 was also estimated to be highly affected by sea level rise. The damage would increase by 4 % (Sea level rise=0.5 m), 13-14 % (1.0 m), and 20-21 % (2.0 m) , respectively (Fig.8) , while the absolute value of estimated potential damage is greatly overestimated. The observed amount of damage was converted to USD in 1990 using GDP deflator from World Bank. Both of the potential damage in a condition without sea level rise and the impact of sea level rise to damage are high in the Mekong Delta regardless of the kind of scenarios about depth-damage functions (Fig.9) . Especially in the coastal regions, potential damage would largely increase if sea level increases by 2.0 m. It is caused by both highly concentrated assets and largely increasing inundation depth.
The differences in estimated potential damage between optimistic and pessimistic scenarios are substantial (Fig.8, Fig.9 ). The estimated potential damage with a pessimistic scenario would be more than double than that with an optimistic scenario. This increase is widely distributed in damaged regions. The huge difference due to varied depth-damage functions should, hence, be considered in a risk assessment.
DISCUSSION AND CONCLUSIONS
This study attempted to assess the potential damages caused by extreme floods in the Mekong Basin considering sea level rise. The range of estimated damage based on optimistic and pessimistic scenarios, was also presented. As a case study, the flood event in 2000, in which the largest damage was recorded, was discussed.
We showed that the Mekong Basin would be widely and severely affected by sea level rise in case of an extreme flood event. Especially in the coastal regions of the Mekong Delta, the inundation depth would increase by more than 1.0m if sea level rises by 2.0m although inundation depth is not so high without sea level rise. On the other hand, impact of sea level rise was found to be minimal around the mid-section of the river. In this section, the inundation depth would be over 6.0m even without sea level rise around the Tonlé Sap Lake due to effect of backward flow. In general, most regions affected by sea level rise will be within 100km along the mainstream from the river mouth. The potential damage due to extreme floods is also affected by sea level rise in the Mekong Basin. If sea level rises by 2.0 m, the potential damage would increase by 20-21 %. This increase is the largest in the coastal region of the Mekong Delta. That is because the assets are highly concentrated and the impact of sea level rise to the maximum inundation depth is the highest in this region.
Further, huge differences in estimated potential damage due to varied depth-damage functions were also taken into account. The estimated potential damage under a pessimistic scenario would double that under an optimistic scenario. A reliable depth-damage function based on a wealth of observations could solve this issue.
Nonetheless, some improvements compared to this study are still desirable. First, the effect of countermeasures (e.g., dams) is not directly considered in the CaMa-Flood model, which would have resulted in the overestimation of potential damage. This effect is only simply considered even in the risk assessment. On the other hand, distribution of population within a grid may cause underestimation. The population was assumed to be uniformly distributed within a grid in this study although in reality they are likely to be concentrated along the river channel. Although water dynamic state including backward flow in the Tonlé Sap Lake can be approximately simulated using the CaMa-Flood model, a quantitatively better evaluation is necessary. Lastly, the CaMa-Flood model does not include the bifurcation of river channel in the delta regions. The bifurcation might influence the inundation under sea level rise as its effect is found to be the largest in coastal region.
